A method based on sequential degradation, p-aminobenzoic ethyl ester (ABEE) closed-ring labeling, and negative ion electrospray ionization tandem mass spectrometry is presented for the study of linkage and branch determination for N-linked oligosaccharides. Closed-ring labeling provides greater linkage information than the more popular open-ring reductive amination approach. In addition, after high-performance liquid chromatography (HPLC) separation, closed-ring labeling allows for regeneration of the underivatized oligosaccharide, a requirement for alkaline sequential degradation. The analytical scheme presented here uses HPLC separation of closed-ring labeled oligosaccharides to resolve the mixture into individual forms that undergo subsequent structural analysis by negative ion tandem mass spectrometry. To facilitate complete structural analysis, particularly for larger sugars, the closed-ring labels are removed and the sugars are sequentially degraded by controlled alkaline hydrolysis. It is noteworthy that for sugars containing sialic acid moieties, a protecting group must be used to stabilize sialic acid groups during sequential alkaline degradation. This described approach was applied to two high mannose oligosaccharides M5G2, M6G2 cleaved from the ribonuclease B and a complex oligosaccharide A2 cleaved from transferrin. T he amino acid sequence alone is generally insufficient to describe protein function. The biologically active forms of mature proteins are often post-translationally modified and these modifications typically influence protein function. Glycosylation is a predominant modification mechanism. It has been estimated that 60 -90% of all mammalian proteins are glycosylated [1] . The carbohydrate chains play critical roles in numerous biological processes, including fertilization, immune response, viral replication, parasitic inflection, cell-cell adherence, degradation of blood clots, and inflammation, for example [1] [2] [3] [4] . The structural diversity inherent in the sugar moieties of a glycoprotein enables subtle changes in protein shape, charge, and volume, which can affect function both temporally and spatially. To achieve a full understanding of the function of a glycoprotein, a detailed characterization of its glycan structure is imperative.
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Structural elucidation of complex carbohydrates requires determination of monosaccharide composition, sequence, branching pattern, glycosidic linkages, and anomeric configuration. Nuclear magnetic resonance (NMR) comes close to providing complete structural analysis, although the amount of sample required and difficulty with analyzing complex mixtures limits the utility of NMR, particularly for proteomics applications. In recent years, mass spectrometry (MS) has become a key tool for structural analysis of carbohydrates. Several mass spectrometric techniques have been proved to be useful analytical tools for the determination of oligosaccharide structure. All of these techniques have the advantages over traditional methods [5] , such as low sample consumption and are less time-consuming. Matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) are now the prominent mass spectrometric ionization techniques for the analysis of biomolecules. These ionization methods provide the direct analysis of polar and thermally labile biomolecules. In structural analysis of carbohydrates, native and derivatized oligosaccharides have been analyzed by MALDI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Metal ion coordinated [15, 16] or chemically derivatized [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] oligosaccharides have been used for ESI analysis. Among those approaches, the method based on MALDI time-of flight/time-offlight (TOF/TOF) tandem mass spectrometry provides good sensitivity and cross-ring cleavage because of the use of high-energy collision-induced dissociation (he-CID) [8 -14] .
Most glycoproteins carry a heterogeneous mixture of oligosaccharides and even a single glycosylation site of a pure glycoprotein is often heterogeneously glycosylated. To examine single carbohydrate forms in heterogeneous mixtures, chromatographic separation is needed. However, because of the lack of significant chromophore, carbohydrates are difficult for UV or fluorescence detection after high-performance liquid chromatography (HPLC) separation. The formation of chromophore-labeled derivatives is a common practice and allows detection of glycans in subpicomolar concentrations.
Different derivatives such as 2-aminopyridine (2-AP), 2-aminobenzoic acid (AA), 4-aminobenzoic acid ethyl ester (ABEE), and 2-aminoacridone (2-AMAC) have been introduced for highly sensitive detection [35] . Our earlier study suggests that closed-ring derivatization provides more structural information on linkage and anomeric configuration than open-ring (reductive amination) under negative ion MS/MS [28] . More recently, the technique was extended to oligosaccharides, where all linkages and branch points were unambiguously assigned by the negative ion ESI-MS 2 and MS 3 experiments using ABEE closed-ring labeled derivatives [30] . Nevertheless, further study revealed that linkage information near the nonreducing end was either weak or not available in the MS 2 or MS 3 mass spectra if the oligosaccharide was larger than a hexasaccharide. In addition, MS 4 or above is not very practical for most applications. One possible solution for the above problem is to reduce the size of the oligosaccharide from the reducing end.
Both enzymatic and chemical methods have been used for carbohydrate degradation. In enzymatic methods, exoglycosidases cleave the glycan stepwise from the nonreducing end, but not from the reducing end. Endoglycosidases randomly cleave internal glycosidic linkages; therefore, chemical methods must be considered to achieve the intended degradation. Chemical degradation involves either acid or basic hydrolysis. Both methods have been used as degradation methods for oligosaccharide and polysaccharide analysis [36 -44] . In acid hydrolysis, carbohydrates are cleaved randomly into a mixture of oligosaccharides. In contrast, basic hydrolysis progressively cleaves a monosaccharide unit from the reducing end of the oligosaccharides through ␤-elimination [36] . Under appropriate alkaline conditions, it has been demonstrated that monosaccharides can be removed sequentially from the reducing end [43] .
Many, if not most, N-linked oligosaccharides are larger than hexasaccharides. An approach based on alkaline degradation, ABEE closed-ring labeling and negative ion trap mass spectrometry were proposed for the analysis of linkage as well as branch position of N-linked oligosaccharides. The utility of the approach is demonstrated in this report with two high mannose oligosaccharides M5G2, M6G2 cleaved from the ribonuclease B and a complex oligosaccharide A2 cleaved from transferrin.
Experimental

Materials
Ethyl 4-aminobenzoate (ABEE), 2-mercaptoethanol, formic acid, trifluoroacetic acid (TFA), glacial acetic acid, sodium carbonate, dimethyl sulfoxide (DMSO), triphenylphosphine, pyridine, ethanolamine, human serum transferring, and ribonuclease B (RNase B) were purchased from Sigma Chemical (St. Louis, MO). 3=-Sialyllactose and 6=-sialyllactose were obtained from Glyko, Inc. (Novato, CA). Peptide-N-glycanase F (PNGase F) was purchased from Boehringer Mannheim GmbH (Mannheim, Germany). HPLC grade methanol and acetonitrile were obtained from LAB-SCAN Analytical Science (Labscan Ltd. Dublin, Ireland). Deionized (18 M⍀) water (Milli-Q water system, Millipore Inc., Bedford, MA) was used in the preparation of samples and buffer solutions. The buffer solution was filtered through a 0.45 m membrane filter (Gelman Sciences, Ann Arbor, MI) before use.
Preparation of N-linked Glycans and Chromophore Labeling
Oligosaccharides were released from 400 g ribonuclease B and 800 g transferrin by means of PNGase F digestion [45, 46] . A graphitized carbon cartridge (Alltech Associates, Lancashire, UK) [30, 46] was used to purify the glycans.
Oligosaccharides were ABEE closed-ring labeled by using the glycosylamine approach [30] .°Dried°lyophi-lized oligosaccharides were added to a volume (15 L) of 0.1 M ABEE solution (2 mg of the ABEE reagent dissolving in a 3:7 (vol/vol) mixture of glacial acetic acid and DMSO) in a clean tube. The solution was incubated at 90°C for 10 h. For sialylated oligosaccharides, the temperature was reduced to 65°C. The derivatives were purified by being passed through an Oasis cartridge (Waters Associates, Milford, MA), followed by lyophilization.
Alkaline Degradation
Dried lyophilized oligosaccharide was dissolved in 50 L 20 mM NaOH and incubated at 60°C for a period between 8 and 24 h.
Protection of Sialylated Oligosaccharides
Sialylated oligosaccharides can be readily converted into 2-alkyl-1,3-oxazoline derivatives by reaction with ethanolamine in the presence of approximately 3 equivalents of triphenylphosphine and triethylamine in acetonitrile-pyridine (1:1) for 4 h at room temperature.
HPLC Separation of N-linked Glycans
The chromatography system consisted of two model LC-10AD pumps (Shimadzu, Kyoto, Japan), an Acurate microflow mixer (LC Packings, San Francisco, CA), a Rheodyne model 7125 injection valve (Rheodyne, Cotati, CA), and a Rainin Dynamax UV-C UV detector set at 305 nm (Rainin, MA). Chromatograms were recorded on a Pentium-PC using SISC PC Integrator software (Scientific Information Service Corp., Taipei, Taiwan).
ABEE closed-ring labeled N-linked glycans were separated on an amino spherisorb column (4 mm i.d. ϫ 25 cm; particle size, 5 m; Waters Associates). The mobile phases were deionized water (solvent A) and acetonitrile (solvent B). The flow rate was set at 1 mL/min. The following elution conditions were used: (step 1) 20% A, 80% B equilibration conditions; (step 2) 80 -40% B over 40 min, linear gradient; (step 3) washing with 100%A for 10 min; (step 4) reequilibration for 15 min.
Delabeling of Chromophore
Dried lyophilized ABEE closed-ring labeled oligosaccharide was dissolved in 2% acetic acid solution and incubated at 65°C for 48 h. For sialylated oligosaccharides, the reaction condition was modified to 37°C for 2.5 h to minimize the cleavage of sialic acids.
Mass Spectrometry
All the mass spectrometry experiments were performed on a Finnigan LTQ ion trap mass spectrometer (Finnigan Corp., San Jose, CA) with the standard Finnigan ESI source in negative ion mode at a voltage of Ϫ4 kV. Samples were infused by syringe pump at a rate of 1 L/min and nebulized with dry nitrogen. The heated capillary was maintained at 200°C for all experiments. Helium was introduced as the buffer/collision gas. For mass-analyzer collision-induced dissociation (CID), relative collision energies of 10 -70% were used in MS n experiments. The maximum ion injection time was set at 180 ms and three microscans were summed per scan.
Results and Discussion
In our earlier study, the linkages and branch points of oligosaccharide standard were unambiguously assigned based on the negative ion ESI-MS 2 The symbols Hex and HexNAc stand for hexose and N-acetylhexosamine, respectively. The linkage information near the nonreducing end is not clear in the CID spectra. Therefore, alkaline degradation was used to reduce the size of the oligosaccharide from the reducing end. However, it was observed that the chromophore-labeled glycan would prevent basic hydrolysis resulting from the formation of an acetal group at the reducing end. For this reason, delabeling is imperative before the degradation step. It is noteworthy that, unlike the open-ring reductive amination approach, closed-ring labeling makes the regeneration°of°underivatized°oligosaccharide°possible° [26] . After the HPLC separation, the underivatized oligosaccharides can be regenerated. A 2% acetic acid solution for 2 days at 65°C was found sufficient to remove the chromophore. The M5G and M5, obtained from M5G2 after a 14-h reaction period in 20 mM NaOH, were labeled with ABEE and subjected to MS 2 study. The 503) fragment, which indicates that there is a second branch point at the fourth saccharide from the reducing end of M5G2. In addition, a hexose residue is 1-3 linked to the second branch point. The intensity of the C 2 / Z 2 -H (m/z 323) ion was too poor for further product ion study; however, a much greater intensity for this ion was obtained from MS 2 of the ABEE closed-ring labeled M5 moiety (m/z 974) (spectrum not shown). The product ions of the C 2 /Z 2 -H (m/z 323) fragment are shown in Table°2°(M5,°m/z 974°¡°323°¡).°The°1-3°and°1-6°linkages at the second branch point of M5G2 are revealed by the An octasaccharide, M6G2, isolated from ribonuclease B, was also studied. After HPLC separation, the chromophore was removed and the glycan was subjected to alkaline degradation. After a 24-h degradation period in 20 mM NaOH at 60°C, M6G2 and its degradation products were labeled with ABEE and studied by negative ion tandem mass spectrometry.
The MS 2 spectrum of the ABEE closed-ring labeled M6G2°(m/z 1542)°is°shown°in°Figure°2.°The°0 at the 3 position of the branched sugar is substituted with a disaccharide residue. Other linkages in the upper arm can be assigned by the MS 3 spectrum of the m/z 647 tetrasaccharide ion. However, the intensity of the m/z 647°ion°in°Figure°2°was°not°sufficient°for°further°product ion analysis. Therefore, the first degradation product ABEE labeled M6G was subsequently selected for MS To obtain a higher-intensity C 2 /Z 2 -H (m/z 323) ion for product ion study, the ABEE labeled M6 (m/z 1136) was subjected°to°MS Table°2°(M6G,°m/z 1339°¡°647°¡)°and°Figure°3b,°respec-tively.
Based on the observation of the ion corresponding to the°loss°of°a°disaccharide°(m/z 989°¡°647)°in°Figure°2 and°Figure°3a,°M6G2°has°a°1-3°disaccharide°linked°to the first branch point of the sugar. However, because the charge was carried by the other part of the molecule, the 3-linked disaccharide was not detected and further MS/MS study of the 3-linked disaccharide was not possible. Fortunately, with a longer reaction time (24 h) the M2 fragment was observed in the degradation products. To obtain the linkage information of the 3-linked disaccharide, the ABEE labeled M2 (m/z 488) ion was selected for a MS 2 experiment as shown in Figure°3c.°The°presence°of°the°ions°at°m/z 410°( 0,4 X 1 -18), and m/z 368 ( 0,2 X 1 ) suggests that the 3-linked disaccharide°has°a°1-2°linkage° [28] .
According to MS 2 and MS 3 spectra of the ABEE closed-ring labeled M6G2 and its degradation products, M6G, M6, and M2, all the linkages and branch points of M6G2 could be assigned. The predicted structure is
The approach was also applied to a complex oligosaccharide-A2, a sialoglycan obtained from human serum transferrin. Sialoglycans were found to be relatively unstable under labeling conditions as well as alkaline degradation. In ABEE labeling, the loss of sialic acids could be avoided when the reaction temperature was reduced from 90 to 65°C. Sialic acid was easily dissociated from oligosaccharides even under the mildest degradation condition (2 mM NaOH). This problem not only complicates the degradation products, but also causes the loss of the linkage information of the sialic acid. To stabilize the sialylated oligosaccharides under alkaline hydrolysis, the 2-alkyl-1,3-oxazoline derivative was used to make sialic acid more stable during alkaline degradation° [48] .°More°important,°the°protecting°group can be removed during subsequent ABEE closed-ring labeling.
After 2-alkyl-1,3-oxazoline derivatization, the protected A2 was heated in 20 mM NaOH at 60°C for 8 h and then labeled with ABEE. The ESI-MS spectrum of the ABEE closed-ring labeled A2 and its degradation products°is°shown°in°Figure°4.°The°peaks°at°m/z 1185 and 1083, which are doubly charged ions, represent A2 and its first degradation product, respectively. The ions at m/z 983, 821, and 617 are singly charged ions and represent smaller degradation products. The singly charged ions of A2 and its first degradation product were not detected because the mass range of the ion trap mass spectrometer is limited to m/z 2000.
The MS 2 spectrum of the ABEE labeled A2 (m/z 1185) is°shown°in°Figure°5.°The°B 6 fragments clearly indicates that the linkage at the nonreducing end in tetrasaccharide is 2-6 linked. It is worth mentioning that without ABEE labeling the product ions mass spectra of 2-3 and 2-6 disaccharides were different mainly in relative intensity but not in fragmentation.
All linkages of the tetrasaccharide were determined by the CID spectra of the ABEE-labeled tetrasaccharide, trisaccharide,°and°disaccharide°(Figure°6a,°b,°and°c, respectively). The observation of no pentasaccharide 
Conclusions
An approach was proposed to determine the linkages and branch points of N-linked oligosaccharides. The sequence of the analysis includes ABEE closed-ring labeling, HPLC separation, ABEE delabeling, sequential degradation, ABEE closed-ring relabeling, and MS 2 and/or MS 3 analysis. Sequential degradation from the reducing end was found to be critical for the linkage information near the nonreducing end. Sequential deg- radation is also essential for determination of other linkages if a 3-linkage is present in the oligosaccharide and the 3-linked moiety contains another linkage. All the linkages could be gradually determined based on MS 2 and MS 3 of ABEE closed-ring labeled oligosaccharide and its degradation products. It is important to note that for sialylated oligosaccharides, sialic acid residues were found to be unstable during labeling and degradation. Lower labeling reaction temperature and the formation of a 2-alkyl-1,3-oxazoline derivative provided a solution to this problem. Although the amount of sample used in this study is in the range of 10 to 20 nmol, the sensitivity of the approach is estimated to be about 1 nmol (ribonuclease B). It was found that alkaline degradation is the key step affecting the overall sensitivity. Without the step of alkaline degradation, the amount of glycoprotein used could be down to 50 pmol. Therefore, further improvement in alkaline degradation would enhance the capability of this approach to work with a low level of glycoproteins. 
